The electroluminescent properties of InGaN/GaN nanowire-based light emitting diodes (LEDs) are studied at different resolution scales. Axial one-dimensional heterostructures were grown by plasma-assisted molecular beam epitaxy (PAMBE) directly on a silicon (111) substrate and consist of the following sequentially deposited layers: n-type GaN, three undoped InGaN/GaN quantum wells, p-type AlGaN electron blocking layer and p-type GaN. From the macroscopic point of view, the devices emit light in the green spectral range (around 550 nm) under electrical injection. At 100 mA DC current, a 1 mm 2 chip that integrates around 10 7 nanowires emits an output power on the order of 10 μW. However, the emission of the nanowire-based LED shows a spotty and polychromatic emission. By using a confocal microscope, we have been able to improve the spatial resolution of the optical characterizations down to the submicrometre scale that can be assessed to a single nanowire. Detailed μ-electroluminescent characterization (emission wavelength and output power) over a representative number of single nanowires provides new insights into the vertically integrated nanowire-based LED operation. By combining both μ-electroluminescent and μ-photoluminescent excitation, we have experimentally shown that electrical injection failure is the major source of losses in these nanowire-based LEDs.
Introduction
Due to their intrinsic properties, wide band gap gallium nitride (GaN) nanowires (NWs) have been extensively studied during the last decade. Such one-dimensional (1D) semiconductor structures can be grown on different substrates by a variety of epitaxial techniques [1] [2] [3] [4] [5] and exhibit good crystalline qualities associated with excellent optical properties [6] [7] [8] .
Moreover, due to their 1D geometry, strain relaxation mechanisms at free sidewalls might allow the growth of high In content and good quality InGaN/GaN quantum wells (QWs) [9, 10] . Based on these considerations, InGaN/GaN NWs are presently considered as potential candidates to extend the emission of light emitting diodes towards the green and red spectral range [11] .
Since 2004, several III-N NW-based LEDs that integrate a great number of p-n nanodiodes connected in parallel have been reported in the literature.
These include p-n homojunction LEDs [12] , GaN/AlGaN LEDs [13] , InGaN/GaN multiple quantum wells (MQWs) [14] [15] [16] [17] and InGaN/GaN thick heterostructure [18] LEDs. From the macroscopic point of view, emission wavelengths from UV to red have been obtained, but polychromaticity is generally observed at the microscopic scale. This feature paves the way to the achievement of phosphor-free white LEDs based on the combination of multi-colour single emitters [17] . However, these NW-based LEDs still remain at the stage of proof-of-concept and few quantitative results regarding their performances have been reported.
Efficient integration of 1D III-N heterostructures requires deep investigation of their optical and electrical properties. Temperature dependent photoluminescence (PL) measurements have recently been carried out in order to estimate the internal quantum efficiencies (IQE) of InGaN/GaN 1D heterostructures. Values higher than 12% have been reported in the green spectral range by several research teams [19, 20] . In particular, Chang et al [21] reported 45% IQE for InGaN quantum dots embedded in GaN NWs emitting at 570 nm. These results are substantially higher than the best IQEs obtained for InGaN/GaN LEDs based on conventional polar c-axis structures grown on sapphire, i.e. 37% at 530 nm and 15% at 555 nm [22] . The physical parameters responsible for quantum efficiency improvement in 1D heterostructures are still not fully understood. However, the trend that seems to emerge is that strain-related issues should play a predominant role. Indeed, strain reduction at free sidewalls is expected to increase the critical thicknesses of InGaN NW heterostructures and thus limit the crystallographic defect formation in a wide range of In composition [9, 10] . Besides, recent studies have reported strain-induced clustering in InGaN/GaN 1D NWs [18, 21, 23] . In-rich clusters are responsible for localization effects and could partly explain the high quantum efficiency of such heterostructures for wavelengths longer than 550 nm.
More generally, it has to be emphasized that quantum confined Stark effect (QCSE) reduction is expected to increase the oscillator strength in elastically relaxed InGaN NWs heterostructures with respect to their 2D counterparts [19, [24] [25] [26] [27] .
These promising results need to be strengthened by electro-optical characterizations. However, nanowire scale resolved measurements are hard to perform due to the difficulty of isolating a single NW optical signal from the global luminescence of the vertically integrated devices. Most of the experiments related to a single nanowire electroluminescence (EL) report results obtained after the removal of NWs from the initial substrate [28] . However, this dispersion process may generate structural damages and/or chemical contamination within the nanowires. What is more, the horizontal position induces a strong NW/substrate interaction that may locally modify strain and surface states [29] .
It is the aim of this paper to explain the macroscopic behaviour of green NW-based LEDs from individual nanowire electro-optical properties. We first characterized the devices at the macroscopic scale in order to provide quantitative results about their performances, in particular in terms of output power. By using a modified confocal microscope, optical characterization has then been carried out at a resolution scale that can be assessed to a single nanowire. The spotty and polychromatic emission of InGaN/GaN NW vertically integrated LEDs could thus be extensively studied during their operation under electrical injection, providing quantitative results about spectral fluctuations and output power variations from one active nanowire to another. Different excitation conditions (current dependent μEL, μPL measurements) have been applied in order to provide a first clue to understand the collective behaviour of nanodiodes connected in parallel. Finally, the emission properties of InGaN/GaN NWs have been individually investigated as a function of the injected macroscopic current in order to study intrinsic properties of single nanoemitters.
This study paves the way to the optimization of LEDs based on vertically assembled InGaN/GaN NWs.
Experimental details and integration process
GaN NW-based LEDs were grown in a commercial MECA-2000 plasma-assisted molecular beam epitaxy chamber, following the protocol already described in [16] . Si-doped GaN pillars were grown directly on 2 Si(111) substrates previously deoxidized with diluted HF, in the standard N-rich (III/N = 0.4) conditions. The substrate temperature was fixed at 845
• C, carefully monitored prior to growth using the Ga desorption method [30] to ensure reproducibility. Following the spontaneous growth of the Si-doped base, the substrate temperature was lowered to 590
• C during the deposition of three InGaN/GaN insertions [31] (nominal thickness: 3 nm). A 20 nm Mg-doped Al 0.15 Ga 0.85 N electron blocking layer was subsequently deposited to promote radiative recombination of carriers in the InGaN active layers [16] . Finally, a Mgdoped GaN layer (thickness ∼200 nm) was deposited on top of the existing structures. The temperature was not changed after the MQWs deposition, i.e. during the p-type growth in order to avoid any material decomposition. Consequently, low temperature growth of the top part of the nanowires together with Mg doping led to an increase in wire diameter and ultimately to a coalescence of the p-type GaN region. The sample was continuously rotated during growth to minimize shadowing effects and promote wire-to-wire homogeneity.
SEM images (top view and cross section) together with a schematic view of the as-grown sample are shown in figure 1 . The NW density ranges from 1 × 10 9 to 5 × 10 9 NWs cm −2 . The NW length is around 1 μm for an average diameter varying from 50 nm (n-type base) up to 150 nm (p-type upper part). Taking advantage of the coalescence of the upper part of the full structure ( figure 1(b) ), LEDs can be easily contacted without any additional technological steps such as insulating material deposition to fill in the inter-NW space and/or planarization process [14, 16] . Semitransparent Ni/ITO p-type contacts were deposited directly on top of the self-planarized nanodiodes in order to ensure good electrical injection uniformity. Thick metallic Ni/Au pads were added so as to decrease the serial resistance of the devices ( figure 1(c) ). Thanks to the electrical continuity between the n-type bottom part of the NWs and the n-doped Si substrate, electrons can be injected within the p-n junction through the Si wafer covered on its backside with Ni/Au contact layers. An annealing treatment (450
• C under N-rich atmosphere for 2 min) has been achieved after Ni deposition so as to improve the n-type contact quality. The electro-optical characteristics of NW-based LEDs were measured under continuous wave (CW) operation at room temperature and at ambient conditions. In particular, no thermal regulation was applied during the measurements. Macroscopic EL spectra were taken using a standard monochromator (Jobin Yvon 270 M) associated to a thermoelectrically cooled CCD. In order to estimate the macroscopic output power, a calibrated silicon photodiode from Hamamatsu was brought to the vicinity of the LED chip under CW-mode operation.
EL and PL mappings in the submicrometre spatial resolution have been performed on a WITec confocal microscope. EL experiments have been made possible adding probing tips (SUSS MicroTec) on the piezo-driven sample stage. PL experiments have been obtained by coupling a laser beam (407 nm) within the confocal microscope. This nonresonant QW excitation has been chosen in order to avoid light absorption within p-type GaN capping and GaN barriers. The power impinging on the sample was in the mW range. By using a 100× objective lens with a numerical aperture (NA) of 0.9, we can map μ-EL and μ-PL response over the same area of the sample with a spatial resolution down to 400 nm. Spatial filtering and light collection are performed simultaneously with a multi-mode fibre and the mapping spatial resolution can be adjusted by changing the diameter of the fibre. Collected light is analyzed with an Acton SP2300 spectrometer and an Andor Si CCD camera. The spectral and power calibration of the whole setup has been performed to estimate the power effectively collected by the fibre.
Results and discussion

Macroscopic characterization of NW-based LEDs
Figures 2(a)-(d) gather electro-optical characterizations of NW-based LEDs at the macroscopic scale. Current dependent EL spectra of a 1 mm 2 device are presented in figure 2 (a). The emission band is centred in the green spectral range, around 550 nm. Neither GaN band-edge emission nor defect-related yellow band are observed suggesting the fact that the EBL is a key parameter to localize electron-hole pair recombinations into the quantum wells of the nanodiodes as previously discussed in [16] . While increasing CW-currents from 1 to 100 mA at room temperature, the emission wavelength presents a blueshift from 562 to 535 nm (110 meV). The average line width (FWHM) of the emission band is on the order of 80 nm (350 meV) and the EL output power increases almost linearly (80 μW A −1 ) from 10 to 100 mA (figure 2(b)). Green NW-based LED electroluminescence under 100 mA macroscopic CW-current is shown in figure 2(c).
The typical current-voltage characteristic for a NW-based LED is shown in the inset of figure 2(b). The p-n junction rectifying behaviour in the forward bias regime is observed. However, we measure a fairly high turn-on voltage (7.5 V) that can be attributed to several carrier injection failures such as: high p-type contact resistance, non-Ohmic p-type contacts and/or electron barrier at the silicon/GaN interface. The reverse current recorded under relatively high negative polarization (−10 V) is small (>300 μA). This result shows that current leakage is insignificant in our devices contrary to NW-based LEDs fabricated by depositing an insulating material to fill in the space between the NWs [12, 18] . The efficient electrical insulation between the p-type part and the n-type base of the individual nanodiodes has been achieved thanks to the good control of the coalesced p-type top surface (p-type metallic electrodes do not leak over the n-side of the junction) and the absence of any surrounding material (air insulation). Finally, low leakage current also suggests that conduction mechanisms are not ruled by surface state channels though NW free surfaces are not passivated [12] .
From the optical microscopy picture recorded through a 100× objective lens ( figure 2(d) ), we could observe that the emission of the NW-based LEDs actually consists of electroluminescent spots with colours ranging from blue to red. As a consequence, macroscopic information is difficult to interpret since it mixes the multi-colour emission of the nanoemitter ensemble. Submicrometre scale characterizations have been performed in order to properly investigate the local emission properties of NW-based LEDs.
μ-EL and μ-PL confocal mapping
A confocal μ-EL mapping and its associated optical microscopy image are presented in figure 3(a) . The scanned area is 20 × 20 μm 2 and the macroscopic current injected into the 1 mm 2 NW-based LED is 100 mA. The confocal image of the μ-EL intensity integrates wavelengths from 350 to 800 nm and is composed of bright electroluminescent spots with different intensities surrounded by completely dark regions. On average, we found out that the EL spot density is around two orders of magnitude lower than the nanowire density. This reduced number of active nanodiodes explains the low macroscopic output power of the 1 mm 2 device. During this experiment, the maximum spatial resolution (about 400 nm) of the confocal experiment was used. As the NW density ranges from 1 × 10 9 to 5 × 10 9 NWs cm −2 , up to six nanowires are possibly included into the smallest scan pixel. Considering the low EL spot density previously obtained, we have made the assumption that one EL spot actually corresponds to the emission of a single nanowire.
Thanks to the optical power calibration performed on the confocal equipment, we have been able to estimate the output power of the light emitted by a single active NW and collected within the numerical aperture of the microscope. To do so, the μ-EL spectrum collected through a 1 μm diameter probe is spectrally corrected and integrated according to the calibration procedure. In order to provide statistical information on a representative number of active NWs, five 20 × 20 μm 2 EL confocal mappings have been performed. These μ-EL scans have been conducted on randomly chosen areas of a 1 mm 2 NW-based LED under the same experimental conditions (100 mA CW-current). Consequently, 180 NWs have been properly investigated and the distribution of output power as a function of emission wavelength is represented in figure 3(b) . We can observe a wide distribution both in the spectral and output power range. Indeed, 50% of the studied NWs emit less than 3 nW with emission wavelengths ranging from blue to red. However the highest estimated output powers (up to almost 50 nW) are obtained for NWs that emit in the green spectral range. This is in agreement with the macroscopic peak emission recorded through a 100 μm diameter probe and represented by the shaded curve in figure 3(b) . A good correlation is found between microscopic and macroscopic results.
Normalized μ-EL spectra measured on representative EL spots ( figure 3(c) ) clearly illustrate the wide spectral range covered by the NW-based LED at the nanowire scale. Emission wavelengths from 478 to 668 nm have been recorded during our μ-EL confocal mapping experiment. Assuming InGaN band-edge emission in a fully relaxed 3 nm InGaN/GaN QW, this wavelength range corresponds to In composition variation from approximately 25 to 45%. The polychromatic character of NW-based LEDs has already been reported in the literature by several groups [14, 16, 17] . It was generally attributed to In content fluctuation correlated to the randomness (local density and diameter dispersion) of the spontaneous NW nucleation. It is worth noting that shadow effects during the growth process may also play an important role in the nonhomogeneous emission of NW-based LEDs [11] . Most of the spectra recorded during our experiment present a single band emission with a relatively large average FWHM (around 60 nm). However, a few EL spots are spectrally characterized by up to three components. We attribute this multi-band emission to In fluctuation from one QW to another within a single NW.
The emission features of single NW that have been described in the μ-EL mode (polychromaticity, large FWHM, single or multi-band emission) have also been observed under laser excitation. μ-PL results (not shown) evidence the fact that these features are intrinsic properties of the InGaN/GaN NWs and cannot be attributed to current dependent mechanisms.
To further understand the collective behaviour of NWbased LEDs under operation, we investigated the electrical injection mechanisms. μ-EL mappings have been performed under different forward bias conditions which correspond to current values of 1, 50 and 100 mA (figure 4). These mappings are hereafter noted scan 1, 2 and 3 respectively. The 15 × 15 μm 2 probed area is almost the same on all mappings, though a slight shift of the sample occurred during setup displacement between scan 1 and scan 2. Interestingly, some nanowires present EL properties for current as low as 1 mA, indicating the fact that some nanodiodes have a turnon voltage lower than 3.6 V (scan 1), which corresponds to a standard value for GaN-based p-n junction. However, by increasing the forward voltage, we can observe an increase of the EL spot density on scan 3 compared to scan 2. This shows that some nanowires have threshold voltage values that range between 9.3 and 11 V. As depicted in figure 1(c) , the ITO contact layer seems to homogeneously cover the nanowire surface. Consequently, the turn-on voltage variation from a nanodiode to another is correlated to local material and/or contact quality fluctuations and needs to be further investigated. At this point no correlation between turnon voltage and emission wavelength could be demonstrated. Nevertheless, from the device point of view, the successive nanodiode turning-on generates a non-homogeneous flow of current within the nanowires connected in parallel. In other words, at a given macroscopic current different current values are flowing through different nanowires according to their own serial resistance. Besides, while monotonically increasing the macroscopic current injected into the device, the current that is flowing within a single NW does not increase proportionally, depending on the total number of emitting nanodiodes.
In order to determine whether dark regions correspond to defective NWs from the optical or electrical point of view, we combined electrical injection and laser excitation over the same scanned area. The corresponding confocal mappings are presented in figures 5(b) and (c) together with the associated optical microscopy picture ( figure 5(a) ). The 15 × 15 μm 2 studied area is centred on three main EL spots and a metallic contact is located on the left side. Figure 5(b) represents the μ-EL mapping, carried out solely under electrical injection while in figure 5(c) electrical and laser excitation have been applied. We tentatively attribute the diagonal light strip visible in figure 5(c) to parasitic reflections due to metal and/or resist residuals on the contact edge. The macroscopic current injected into the 1 mm 2 NW-based LED is 50 mA and the laser wavelength is 407 nm in order to non-resonantly excite InGaN/GaN QWs.
Interestingly, by comparing figures 5 (b) and (c) we can observe that PL sites are much more numerous than EL spots. This result clearly evidences that the electrical injection issue is the main factor of losses in our NW-based LEDs. Although the majority of NWs present μ-PL response, most of them remain inactive under electrical excitation, due to high turn-on voltage as previously discussed.
In the representative area of the μ-EL-PL mapping ( figure 5(c) ), intensity fluctuations are observed showing that the active regions of the InGaN/GaN NWs are not equivalent in terms of luminous efficiency under the 407 nm laser excitation. Supposing that laser coupling is homogeneous over the NW assembly, we suspect the spontaneous nanowire growth that led to local NW density and/or NW-diameter fluctuations to be responsible for μ-PL non-uniformity emission. Tourbot et al [23] have demonstrated that the emission and structural properties of thick InGaN/GaN 1D heterostructures are highly dependent on the composition of the ternary alloy. For high In content InGaN NWs, the relaxation of strain occurs via dislocation and/or cracks at the InGaN/GaN interface. Plastic relaxation mechanisms would lead to an increase of nonradiative recombination centres and could explain the low μ-PL signal recorded in the darker regions of the confocal mapping ( figure 5(c) ). On the contrary, highly emissive sites could correspond to elastically relaxed nanowires in which In-rich clusters are formed. Thus, localization effects in Inrich clusters lead to improved luminous efficiencies and could explain the high output power observed on EL spots emitting in the green spectral range ( figure 3(b) ).
Single NW μ-EL characterization
To investigate the emission properties of single nanowires, electro-optical characterization has been carried out on single active nanowires. In this experiment, the confocal microscope has been set up to detect emissions from single EL spots without scanning the NW-based LED surface. The results of a particularly active nanodiode are shown in figure 6 . μ-EL spectra presented in figure 6(a) have been recorded under different applied macroscopic CW-currents. The EL output power, EL peak line width (FWHM) and EL peak wavelength have been reported on separated graphs as a function of the macroscopic current injected into the 1 mm 2 NW-based LED ( figure 6(b), (c) and (d) respectively) .
The peak emission wavelength of the studied NW is centred in the green-yellow spectral range. More precisely, The EL peak wavelength decreases from 595 to 566 nm as the forward macroscopic current increases from 5 to 100 mA. This wavelength blueshift (29 nm-107 meV) is correlated to a relatively large FWHM (52 nm-184 meV).
In principle, the main mechanism responsible for the blueshift of the emission band with increasing excitation density in planar GaN-based LEDs is related to the reduction of QCSE due to the screening of the strain-induced piezoelectric field by the large amount of injected carriers [32, 33] . In addition to the wavelength blueshift, a decrease of the emission line width is generally observed since the reduction of internal electric fields within the active region limits the influence of QW thickness and/or In content fluctuations. On the contrary, we observe an increase of the FWHM from 53 nm to more than 60 nm as the injected macroscopic current increases from 5 to 100 mA. This result seems therefore to indicate that QCSE do not rule the radiative recombination processes within the InGaN/GaN NW under electrical injection. This interpretation is strengthened by several studies that experimentally demonstrate the reduction of QCSE in III-N nanowires. Renard et al [34] have experimentally shown that QCSE is weakened in AlN/GaN axial NWs compared to their equivalent 2D counterparts. Similar results have been found in the case of InGaN/GaN QWs embedded in nanowires both in the top-down approach [24, 25] as well as in the bottom-up one [19, 35] . The reduction of QCSE is generally ascribed to favoured strain relaxation effects that lead to a weakening of piezoelectric fields in the 1D polar heterostructures. However it is still not clear whether the strain relaxation is homogeneous along the radial direction of the nanowires. Kawakami et al experimentally found two distinct decay components during their TRPL measurements on InGaN/GaN etched NWs [26] . They attribute the slower (faster) decay to radiative recombinations in strain (strainrelaxed) regions of the NWs. Simulations computed by Böcklin et al [27] emphasize the specific and complex strain distribution scheme within InGaN/GaN NW heterostructures that directly affect the emission properties of NW-based LEDs under electrical injection.
Moreover, since we are dealing with high In content InGaN/GaN QWs, clustering mechanisms [36] could play an important role in the radiative recombination processes within the NW active regions. Indium-rich nanometre scale regions have been recently reported for both InGaN/GaN thick heterostructures [18, 23] and QWs [21] . In particular, the experimental findings of Tourbot et al [23] seem to indicate that elastic strain relaxation promotes In fluctuations within the InGaN region. These compositional non-uniformities could lead to band filling effects followed by delocalization of excitons out of In-rich clusters [36, 37] that could explain both the blueshift and the broadening of the emission band, in agreement with our experimental observations. The output power emitted by the single EL spot is increasing as a function of the macroscopic current ( figure 6(b) ); we can thus conclude that the absolute current value that is travelling through this NW is increasing over the entire range of current variation at the macroscopic scale. However, the output power saturation-like behaviour is difficult to interpret. It may simply be due to a non-linear increase of the supplied current at the microscopic scale since as previously discussed electrical injection is not homogeneous within the integrated NW-based LEDs. At 100 mA macroscopic current injected within the 1 mm 2 , the maximum output power measured on this single EL spot is 59 nW at 566 nm. The external quantum efficiency (EQE) of such a nanowire can be estimated using the following equation:
where P NW is the measured output power (59 nW), λ is the emission wavelength (566 nm) and I NW is the current that is effectively travelling through this particular nanowire. At this point, a hypothesis about the current density needs to be set and three different cases are analyzed hereafter. First, we can imagine that the current is homogeneously flowing within all the nanowires connected in parallel. Considering that the nanowire density is on the order of 5 × 10 9 cm −2 , this assumption leads to an unrealistic EQE value (>100%). This result reveals the fact that most of the inactive nanowires are not crossed by current. Consequently, we can state the assumption that the current is homogeneously flowing exclusively into the electroluminescent nanowires (1/500 according to our confocal mapping experiments). In this case, the estimated EQE obtained is around 2.7% for a current density on the order of 50 kA cm −2 . This value is comparable to the best EQEs reported for single InGaN/GaN NWs at 540 nm by Qian et al [28] . Finally, considering the maximum current density that can be supported by a single nanowire, taking into account 2D nitride materials limitation (100 kA cm −2 ) the minimum EQE obtained is on the order of 1.35%.
Even though the efficiency of a single nanowire cannot be exactly calculated at this stage, these first quantitative results about the emission properties of a single InGaN/GaN NW integrated into a macroscopic device provide good hopes to achieve high efficiency devices. These results are all the more promising given that the current densities considered in our study are much higher than standard current density used for standard LED operation. Best EQE values reported for high-power LEDs emitting in the green spectral range (∼520 nm) are monotonously decreasing from 36% for low current densities (∼2, 5 A cm −2 ) to less than 20% for current densities in the order of 100 A cm −2 [38] . Laubsch et al reported 2.7% EQE at 510 nm for a LED current density reaching 1 kA cm −2 under pulsed operation [39] . Further experiments are presently being carried out in order to estimate the EL spot density obtained while applying low macroscopic current into the NW-based LED. Considering the efficiency droop phenomenon present in 2D devices, we believe the previously estimated EQE could be improved by decreasing the current densities. To do so, it is necessary to increase the number of active nanowires and consequently improve the uniformity of NW-based LEDs, both in terms of active region quality within individual nanoemitters and in terms of electrical injection mechanisms within the vertically integrated device.
Conclusion
In summary, we have fabricated LEDs by the bottomup approach using axial InGaN/GaN nanowires as building blocks. These devices have been extensively characterized both at the macroscopic and submicrometre scale. Green EL in the μW range was obtained on 1 mm 2 NW-based LEDs under 100 mA CW-current. However, the homogeneous emission studied at the device scale appeared to be spotty and polychromatic while improving the spatial resolution of the optical characterization. Less than 1% of the 1 × 10 7 vertically integrated nanowires combine both the electrical (low turnon voltage) and quality material (high efficiency InGaN/GaN QWs) conditions to effectively participate in the macroscopic EL of the device. μ-EL recorded on single NWs presents peak emission wavelengths from 478 to 668 nm. The output power emitted by single NWs is in the nW range, and a maximum value of 59 nW as been recorded on an EL spot emitting at 566 nm. Current dependent μ-EL spectra tend to show that QCSE is reduced in the InGaN/GaN 1D heterostructures, probably due to relaxation effects. Furthermore, radiative recombination processes under electrical injection seem to be dominated by clustering effects.
From the colorimetric point of view, the polychromatic emission can be favourable to fabricate phosphor-free white LEDs. However, electrical injection considerations also need to be carefully considered to fabricate high efficiency white LEDs. In order to improve the efficiency of NW-based LEDs, there is a crucial need to improve the homogeneity of the nanoemitters ensemble. Thus the localized growth approach appears to the best way to achieve a good NW diameter, density and strain relaxation control.
